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Higher order signaling: ARL2 as regulator of both mitochondrial fusion
and microtubule dynamics allows integration of 2 essential cell functions
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ABSTRACT
ARL2 is among the most highly conserved proteins, predicted to be present in the last eukaryotic
common ancestor, and ubiquitously expressed. Genetic screens in multiple model organisms
identified ARL2, and its cytosolic binding partner cofactor D (TBCD), as important in tubulin folding
and microtubule dynamics. Both ARL2 and TBCD also localize to centrosomes, making it difficult to
dissect these effects. A growing body of evidence also has found roles for ARL2 inside
mitochondria, as a regulator of mitochondrial fusion. Other studies have revealed roles for ARL2, in
concert with its closest paralog ARL3, in the traffic of farnesylated cargos between membranes and
specifically to cilia and photoreceptor cells. Details of each of these signaling processes continue to
emerge. We summarize those data here and speculate about the potential for cross-talk or
coordination of cell regulation, termed higher order signaling, based upon the use of a common
GTPase in disparate cell functions.
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Introduction

With the discovery of the RAS,1,2 ARF,3,4 RHO,5,6 and
RAB 7,8 families as large collections of homologous regu-
lators of an incredibly diverse array of cellular functions,
it became increasingly evident how challenging it was,
and will be, to describe the mechanisms of action for
each family member. This typically involves identifying
at least 2 other components in the pathway regulated by
the GTPase: (i) the guanine nucleotide exchange factor
(s) (GEFs) that act immediately upstream of the GTPase
to promote the release of GDP and allow formation of
the active, GTP-liganded regulator, and (ii) the effector
that acts immediately downstream of the GTPase and is
the obligate next step leading to the biological response.
The GEF:GTPase:effector triad is a paradigm of GTPase
biology, first worked out for the heterotrimeric G pro-
teins using hormone-stimulated adenylyl cyclase activa-
tion as the model.9 However, it quickly became apparent
that any one GTPase can be activated by several different
GEFs, typically sharing a common GEF domain (e.g., the
SEC7 domains for ARF GEFs).10-12 Similarly, most acti-
vated GTPases have been found capable of directly bind-
ing to numerous effectors, some of which have GTPase
activating (GAP) activity and thus are capable of provid-
ing temporal limits on the activated state.13 And if this

isn’t complex enough, researchers consistently find that
the key protein-protein interactions occur optimally only
after solid-phasing (i.e., after association of components
to a lipid bilayer). Thus, regulated translocation of GEF,
GTPase, and effector onto a membrane surface is often
fundamental to the process. Finally, specific lipids (nota-
bly the phosphatidylinositol phosphates) in the bilayer
can, and often do, provide specificity to the site of action
and serve as allosteric activators of the GEFs, GTPases,
effectors, or GAPs. As this system has evolved in eukar-
yotes there is ample evidence of redundancies in signal-
ing between closely related GTPases or their regulators.
This is perhaps most evident in the yeast S. cerevisiae in
which the genome was thought to have largely dupli-
cated, resulting in 2 paralogous ARFs (ARF1 and ARF2)
that are 97% identical in primary sequence and differ
only in the levels of expression, with ARF1 expressed
»10X the levels of ARF2.14 Thus, while ARFs are essen-
tial in this yeast, deletion of either one results in only
rather subtle phenotypes. In this article, we consider the
opposite scenario: What are the ramifications or implica-
tions when cells employ one GTPase for 2 or more essen-
tial functions?

We first ask, why would such a scenario have arisen?
With expansion of GTPase families being the norm, why
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haven’t 2 GTPases evolved into completely distinct path-
ways without shared components, allowing clean separa-
tion of functions and independent regulation of each?
The simple answer is that there may be selective advan-
tage to one GTPase regulating 2 or more pathways. We
propose that the use of shared components in 2 different,
essential pathways provides a ready means of “cross-talk”
between pathways and consequently a higher level of cell
organization than is possible with only linear pathways.
A related question is how could such a system have
arisen? Almost certainly one of the essential functions of
the GTPase in question was in place before it acquired a
new and second function. It seems unlikely that the
GTPase co-opted for the second pathway was chosen at
random. Rather, we propose that the 2 pathways are
linked in some non-linear fashion and in doing so, this
linkage provides selective advantage(s) to the cells. To
test these ideas, we sought a regulatory GTPase with 2
essential functions. This article summarizes our studies
of the roles of ARL2 in mitochondrial fusion and micro-
tubule dynamics. Though we have not yet described how
the common use of ARL2 as a key regulator integrates or
connects the 2 systems, our studies have laid the ground-
work for testing several of the ideas associated with
higher order signaling.

Early history of ARL2 and roles in microtubule
dynamics

ARL2 is among the most highly conserved proteins
known, sharing >50% identity between human and
S. pombe proteins. It is ubiquitous in every eukaryote
investigated and predicted to have been present in the
last eukaryotic common ancestor.4 The name ARF-like
2 (ARL2) results from it being the second in a series of
cDNAs amplified by redundant primer PCR from a
human cDNA library and with open reading frames
encoding proteins displaying high homology to the
ARFs. Most of these proteins, including ARL2, have
been shown to lack the canonical ARF activity, co-factor
in the ADP-ribosylation of Gs catalyzed by cholera toxin,
and were thus named ARF-like.15 But even before that,
the ortholog had been identified in 2 different genetic
screens in S. cerevisiae, with mutations resulting in
changes in microtubules.16,17 Very similar results were
later repeated in genetic screens using A. thaliana
(TTN5),18 S. pombe (Alp41),19 C. elegans, (evl-20)20 T.
brucei (TbArl2),21 and D. melanogaster (ARL2).22 There-
fore, the evidence that ARL2 plays important role(s) in
tubulin and microtubule biologies, with links to cell divi-
sion, is abundantly clear. The ARL2 ortholog is essential
in each of these organisms, save S. cerevisiae. Mitochon-
dria from mammals and yeast are known to have a

number of important differences in composition and
regulation (e.g., see van der Bliek, et al.)23 making it diffi-
cult to ascribe this difference to any one factor.

While genomic mutations in ARL2 can clearly result
in compromised microtubule arrays and later cell death,
decreased expression of ARL2 resulting from its regu-
lated expression has also been observed. ARL2 has been
found to be a target of microRNAs, with links to heart
disease,24 G0/G1 cell cycle check point arrest,25 and apo-
ptosis in neural progenitor cells.26 Thus, as is often the
case with essential genes, it may well turn out that altera-
tions in the level of expression of ARL2, resulting from
transcriptional responses or miRNA targeting, play
important roles in disease processes.

In a number of the same genetic screens that linked
ARL2 to microtubules and cell division, orthologs of the
tubulin co-chaperone cofactor D (TBCD) were also
found (CIN1 in S. cerevisiae;16,17,27 Alp1 in S. pombe;19

and TTN1 in A. thaliana28). The close genetic linkage
between ARL2 and TBCD became understood as a phys-
ical one when endogenous ARL2 was first purified from
mammalian tissues and found to co-purify with TBCD
in an apparent 1:1 complex.29

TBCD is one of 5 tubulin co-chaperones, TBCA-E,
identified in the Cowan lab using an assay involving in
vitro transcribed and translated b-tubulin and native
gels to monitor its binding to added components.30,31

This powerful approach clearly succeeded in identifying
many of the key components required to assemble
native tubulin heterodimers in cells. Yet surprisingly, it
failed to identify ARL2 as a required component in this
process, perhaps because it was present in sufficient
amounts in the reticulocyte lysate used to generate the
labeled b-tubulin. Instead, the binding of ARL2 and
TBCD was first shown using a combination of in vitro
transcribed and translated proteins.32 The cellular
interaction between ARL2 and TBCD was demon-
strated after expression of tagged proteins in mamma-
lian cell culture.32 Over-expression of TBCD was first
shown to disrupt microtubules in S. pombe.33 It was
later shown that overexpression of bovine TBCD in
HeLa cells resulted in the loss of microtubules.32,34 Co-
expression of ARL2 with the TBCD, particularly the
dominant, inactivating mutant ([T30N]ARL2), reversed
this effect, which was termed the tubulin destruction
pathway.32,35 Whether such a pathway exists in mam-
malian cells or is a consequence of protein over-expres-
sion is uncertain. Studies in our lab add further
confusion to this question as we found that human and
bovine TBCD differ in their ability to reduce microtu-
bule densities upon overexpression, though this differ-
ence is likely only in sensitivity of the response.35,36

Further, we showed that expression of either dominant

SMALL GTPASES 189



activating or inactivating point mutants of human
ARL2 caused the loss of microtubules.37 Such a result is
typically interpreted as evidence for the required
cycling of the GTPase between its active and inactive
states. Thus, rather than ARL2 displacing b-tubulin
from TBCD in a destructive pathway, we propose that
the stable scaffold on which tubulins are folded consists
of the trimer of ARL2/TBCD/b-tubulin (J.W. Francis
and R.A. Kahn, manuscript in preparation) and that
the ARL2 in this trimer can bind and hydrolyze GTP to
regulate the activity of the complex. This is also in con-
trast to results in Nithianantham, et al. in which they
argue, based upon results from reconstitution of yeast
orthologs expressed in bacteria, that the basic scaffold
for tubulin folding consists of a different trimer,
TBCD/ARL2/TBCE.38 While it is likely that one or
more of these apparent discrepancies results simply
from different rates of dissociation of subunits between
orthologs or cell/tissue sources during isolation, clearly
more work is needed before we can understand the
tubulin folding process, the biological importance of
the tubulin destruction pathway, and the strongly sug-
gested additional roles of ARL2 and TBCD in regulat-
ing tubulin polymerization.

In addition to its presence in the cytosol, ARL2 is also
found in mitochondria, at centrosomes and in the
nucleus in every mammalian cell line or tissue examined.
Because of this diversity in locations, and for technical
reasons, it has proven to be difficult to get absolute values
for the distribution of ARL2 in each of these organelles.
Despite the majority of ARL2 being cytoplasmic, and in
contrast to other members of the ARF family, we find
scant evidence for a pool of monomeric ARL2 in cytosol.
Using gel filtration or native gel electrophoresis of cell or
tissue homogenates we estimate that a clear majority,
perhaps as much as 90%, of total cellular ARL2 is in the
cytosol and almost all of this is tightly bound to TBCD.
By immunofluorescence it is also evident that pools of
ARL2 specifically localize to centrosomes, mitochondria,
and the nucleus.36,39-41 TBCD is also present at centro-
somes, likely in complex with ARL2 though this has not
been shown directly.36,42 In contrast, TBCD is absent
from mitochondria. Thus, ARL2 is clearly found in mul-
tiple compartments in cells and while most is in a stable,
functional complex with TBCD, it also clearly functions
independently of it.

The specific localization of both ARL2 and TBCD to
centrosomes strongly suggests roles for each protein in
microtubule dynamics over and above their role in tubu-
lin folding. Although it is technically very difficult to
clearly resolve effects on pools of polymerizable tubulins
(i.e., folding) from the polymerization process itself, the
presence of ARL2 and TBCD in the cytosol and at

centrosomes suggests 2 related functions. The fact that
ARL2 and TBCD are present in much lower amounts
than are the tubulins implies that their actions in each
process are catalytic. Thus, it does not appear likely that
a tubulin destruction pathway can exist if it requires
TBCD to directly bind sufficient b-tubulin to prevent
polymerization. Rather, we currently model ARL2 and
TBCD as having actions at centrosomes distinct from
tubulin biogenesis, to regulate microtubule dynamics.
This model is supported by studies showing the effects of
TBCD on centriologenesis, centrosome integrity, cilio-
genesis, mitotic spindle formation, and midbody abscis-
sion.42 TBCD is also required for microtubule stability
and dendrite formation in Drosophila progenitor neu-
rons, and it may provide a link between cell surface
receptors and microtubules.43 Another recent study sug-
gests that ARL2 and TBCD are involved in microtubule
growth and asymmetric division of Drosophila neural
stem cells.22 There are also data suggesting a role for
ARL2 and TBCD in the regulation of cell-cell adhesion
through the apical junctional complex, providing further
evidence of non-tubulin-folding activities for these
proteins.44

Thus, ARL2 and TBCD are very closely linked in
function, likely both in the cytosol and at centrosomes.
Molecular models for these actions are incomplete,
though the large size of TBCD and lack of defined
domains suggest a scaffolding role. And given the nature
of ARL2 as a GTPase, we believe it likely to act as a regu-
lator of TBCD in either tubulin biogenesis, polymeriza-
tion, or both. Because tubulins are targets of some
clinically important chemotherapeutics, and changes in
ARL2 activities have already been found capable of influ-
encing those actions,45-47 future studies offer promise of
the design of better and more selective therapies.

Roles of ARL2 in mitochondrial fusion

Despite the strong evidence that ARL2 regulates one or
more aspects of microtubule dynamics, most of the early
studies in our lab employed biochemical approaches and
suggested ARL2 also functions at mitochondria. Charac-
terization of the first antibody to ARL2 found specific
staining of mitochondria by immunofluorescence in a
number of cell lines and by cell fractionation.39 The first
effector of ARL2, termed Binder of ARL2 (BART; though
arbitrarily re-named by the human genome curators as
ARL2BP) was also found to partially localize to mito-
chondria.39,48 We then purified the adenine nucleotide
translocase (ANT1), which resides in the inner mito-
chondrial membrane, as a specific interactor with the
ARL2(GTP)-BART complex.39 In this same study we
noted that upon deletion of ANT1 in mouse muscle
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tissues specifically, the fraction of mitochondrial ARL2
(but not total cellular/tissue ARL2) was markedly
increased. We have more recently found that a variety of
energetic stressors increase ARL2 immunofluorescence
at mitochondria (Newman, Schiavon, Zhou, and Kahn,
manuscript in preparation). These results suggest that
the mitochondrial pool of ARL2 is regulated in response
to stressors.

ARL2 siRNA results in no evident changes to the
microtubule array yet has profound effects on mitochon-
dria; including fragmentation, perinuclear clustering,
and loss of »50% of cellular ATP, with later cell death.37

Expression of the dominant inactivating mutant ARL2
[T30N] mimics the knockdown with regard to fragmen-
tation and clustering phenotypes but has no effect on
ATP levels. Thus, we propose that ARL2 is acting in 2
distinct pathways in mitochondria – one resulting in the
regulation of ATP production and the other influencing
mitochondrial morphology and motility (see Fig. 1).

The model of 2 different ARL2-sensitive pathways in
mitochondria is supported by the observation that one of
the 3 members of the ELMOD family of ARL2 GAPs,
ELMOD2, also localizes to mitochondria.37,49-51 When
ELMOD2 is depleted by siRNA in cultured cells they

also display fragmented mitochondria with perinuclear
clustering but no changes in ATP levels (or in microtu-
bule arrays).37 We conclude from such data that
ELMOD2 acts as an effector for ARL2 in mitochondria,
leading to changes in morphology and motility. But
because the lack of ARL2 has such profound effects on
ATP levels, while knockdown of ELMOD2 lacks such
effects, we propose the existence of a distinct ARL2 path-
way in mitochondria that regulates ATP production
independently of ELMOD2 (see Fig. 1).

In order for ARL2 to regulate the putative effector
ANT1, a protein spanning the inner mitochondrial mem-
brane, it has to be able to enter mitochondria. Fraction-
ation of mitochondria using well-established methods,
yielded evidence that ARL2 was indeed inside, though per-
haps not limited to a single compartment. We have also
used differential solubilization of the outer membrane
using digitonin or tBid, in each case followed by immuno-
fluorescence, and found that there is always a pool of ARL2
inside mitochondria and that it may reside in both the
inter-membrane space (IMS) as well as the matrix.37,39

ARL2 is highly unusual both in being predominantly
found outside of mitochondria with only a small pool
inside, but also in being present in more than one

Figure 1. Model of the actions of ARL2 at distinct sites in cells. ARL2 (green) and TBCD (dark blue) are shown at centrosomes at the top,
and free in the cytosol (toward the bottom of the figure), in complex with b-tubulin. The small pool of monomeric ARL2 is in the middle
and is the presumptive source of ARL2 that is either imported into mitochondria (left side) or the nucleus (upper right). The role of ARL2
in the folding of the ab-tubulin heterodimer (red) is depicted, showing a-tubulin bound initially to TBCE, omitting the earlier steps in
folding, including the roles of the other tubulin co-chaperones. Also shown here are the proposed 2 distinct pathways inside mitochon-
dria; one involving the ARL2 GAP ELMOD2 and leading to mitochondrial fusion and the other to changes in ATP production through
unknown mechanism(s). The yellow bars represent microtubules that may be both regulated by ARL2/TBCD at the centrosome and
along which mitochondria traffic, in yet another process influenced by ARL2. See text for details.
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compartment of mitochondria. Thus, in order to develop
a rigorous test of its site of action in regulating mito-
chondrial morphology, we generated a collection of plas-
mids directing expression of ARL2 (or dominant
mutants) with strong N-terminal leader sequences that
drive it either to the matrix, to the IMS, or prevents
mitochondrial import. We found that only when
directed to the IMS is ARL2[T30N] capable of influenc-
ing mitochondrial morphology. This study also provides
strong supporting evidence that it acts to promote mito-
chondrial fusion, and not fission. Thus, ARL2 is the first
regulatory GTPase and first soluble factor to regulate
fusion, and motility, from the IMS. In doing so, it joins a
growing list of nuclear encoded genes with well-defined
functions outside of mitochondria but with important
additional roles inside mitochondria; including
STAT3,52-54 MEF2,55 fumarase,56 and some DNA repair
proteins.57 ARL2 is among the list of GTPases with
essential regulatory functions acting in or on mitochon-
dria, that currently includes the well-established regula-
tors OPA1, MFNs, MIROs, and DRP1, and recent
addition of ARL4D.58-60

The findings that ARL2 regulates 2 such fundamental
and ancient aspects of eukaryotic biology is quite striking
but consistent with its predicted presence at the origin of
eukaryotes, its ubiquity, and high degree of sequence
conservation. The stable (at least through several days of
purification in vitro) association of ARL2 with TBCD
and low levels of monomer in the cytosol is expected to
limit the availability of ARL2 for import into mitochon-
dria. The observation that deletion of ANT1 in mice
results in increased mitochondrial import of ARL2 in
affected tissues,39 suggests that import of ARL2 into
mitochondria is a regulated process. Though controver-
sial, it is currently thought that proteins imported into
the IMS cannot later be exported, with the exception of
during apoptosis. Thus, in its simplest form, we propose
that metabolic stress inside mitochondria may be capable
of sending a signal to the cytosol that results in increased
dissociation of ARL2 from TBCD, allowing increased
mitochondrial import, fusion, and motility. This model
requires extensive testing but is an example of the type of
higher order signaling alluded to in the title of this
article.

ARL2 shares with ARL3 several binding partners
and related roles in traffic of farnesylated cargos

In addition to the technical challenges in dealing with a
regulatory GTPase that acts in multiple sites and systems
in the same cell, there are additional challenges when 2
or more GTPase family members share a common effec-
tor. Although this functional redundancy may have

arisen to protect the cell/organism against loss of an
essential function, it can also provide different inputs
and inter-dependent regulation of a common output.
ARL2 provides an interesting example of this phenome-
non. Human ARL2 shares 53% primary sequence iden-
tity with ARL3, making them the closest paralogs.
Activated (GTP-bound) ARL2 and ARL3 bind to some
of the same GAPs and effectors, including ELMODs,
BART, HRG4, and PDEd (PDE6D).51,61-64 Despite these
similarities, ARL2 and ARL3 generally perform distinct
cellular functions.40 One exception is that both ARL2
and ARL3 regulate the traffic of farnesylated cargoes
between membranes, particularly important in cilia and
in rods and cones of the eye.63-68 Yeast-2-hybrid screen-
ing revealed that ARL2 and ARL3 both bind to phos-
phodiesterase delta (PDEd). Activated ARL2 and ARL3
have been found to allosterically modulate PDEd by
inducing a conformational change in the farnesyl-bind-
ing pocket to release lipid-modified RHEB and RAS
GTPases.62,63,67,69 Upon dissociation from PDEd, RHEB
and RAS bind to membranes via their farnesylated C-ter-
mini. Thus, the PDEd/ARL2/ARL3 system is thought to
regulate the traffic of farnesylated cargos between mem-
branes, including specific targeting to cilia, with release
of signaling proteins in a temporally and spatially-regu-
lated manner. The PDEd/ARL2/ARL3 system has been
implicated in both endomembrane transport of farnesy-
lated cargo to the plasma membrane as well as the
recruitment of factors to the transition zone of primary
cilia.70,71 As the complexity of signaling by any one
GTPase has increased throughout eukaryotic evolution,
it has increased the costs to the cell of mutations that
alter central features of the GTPase. Perhaps for this rea-
son we often find that it is mutations in the downstream
effectors that are commonly found linked to diseases in
humans; examples include BART, HRG4, and PDEd.72-76

Summary

We summarize here work from a number of laboratories
that focus on different aspects of ARL2 biology. While
cellular roles in regulating microtubules, mitochondria,
and traffic of farnesylated protein cargos are well-estab-
lished, many of the details are not. For example, one
might notice the lack of mention of any guanine nucleo-
tide exchange factor(s) for ARL2. This may be because
ARL2 displays unusually low affinity for guanine nucleo-
tides and high stability in the nucleotide-free form.
While it is possible that the activation of ARL2 is inde-
pendent of any GEF, this seems unlikely given the prece-
dence for all other GTPases. Similarly, the biochemical
characterization of ARL2 GAP activities, specifically the
ELMOD proteins, reveals a broader substrate specificity
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and range of specific activities than most GAPs. Thus, we
expect that we are still missing some fundamental infor-
mation on the regulation of ARL2 and its interactors. As
the number of ARL2 interactors climbs, it increasingly
resembles the situation with the ARFs, which have well
over 20 known effectors. In seeking a rationale for the
shared use of one or a few GTPases for several different
biological purposes, we propose that this allows coordi-
nation between otherwise disparate functions in cells,
termed higher order signaling. With cell-based assays
growing increasingly robust and specific for ARL2 func-
tions, we look forward to performing critical tests of this
model in the near future.
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